ABSTRACT: We present a novel plasmonic antenna structure, a split-wedge antenna, created by splitting an ultrasharp metallic wedge with a nanogap perpendicular to its apex. The nanogap can tightly confine gap plasmons and boost the local optical field intensity in and around these opposing metallic wedge tips. This three-dimensional splitwedge antenna integrates the key features of nanogaps and sharp tips, i.e., tight field confinement and three-dimensional nanofocusing, respectively, into a single platform. We fabricate split-wedge antennas with gaps that are as small as 1 nm in width at the wafer scale by combining silicon V-grooves with template stripping and atomic layer lithography. Computer simulations show that the field enhancement and confinement are stronger at the tip−gap interface compared to what standalone tips or nanogaps produce, with electric field amplitude enhancement factors exceeding 50 when near-infrared light is focused on the tip−gap geometry. The resulting nanometric hotspot volume is on the order of λ 3 /10 6 . Experimentally, Raman enhancement factors exceeding 10 7 are observed from a 2 nm gap split-wedge antenna, demonstrating its potential for sensing and spectroscopy applications. KEYWORDS: Optical antenna, surface-enhanced Raman scattering (SERS), template stripping, gap plasmon, atomic layer deposition, atomic layer lithography N anometer-scale gaps 1−3 and sharp tips 4−8 made with noble metals are key building blocks for plasmonic devices, 9,10 heat-assisted magnetic recording systems, 11 metamaterials, 12,13 and optical antennas. 8,14−16 Nanogaps can sustain electromagnetic modes known as gap plasmons and are capable of extreme nanoscale confinement 2 and enhancement of optical fields. Strong resonances at optical frequencies have been experimentally observed even in single-digit nanometer gaps formed by various methods.
N anometer-scale gaps 1−3 and sharp tips 4−8 made with noble metals are key building blocks for plasmonic devices, 9, 10 heat-assisted magnetic recording systems, 11 metamaterials, 12, 13 and optical antennas. 8,14−16 Nanogaps can sustain electromagnetic modes known as gap plasmons and are capable of extreme nanoscale confinement 2 and enhancement of optical fields. Strong resonances at optical frequencies have been experimentally observed even in single-digit nanometer gaps formed by various methods. 2,3,17−22 Sharp metal tips, however, have a three-dimensional (3D) geometry for nanoscale probing and can also confine optical fields far below the diffraction limit and enhance local field intensity via plasmonic nanofocusing. 23, 24 For these reasons, sharp tips made with gold or silver have been used for near-field scanning optical microscopy (NSOM) 8 and nonlinear optics. 5 Unfortunately, it is extremely difficult to fabricate metallic nanotips with a radius of curvature smaller than around 5−10 nm. This limit and the fact that metals tend to repel optical fields means that nanotips alone, where the confinement is limited by the field decay length into a surrounding dielectric medium, cannot achieve field confinement on the order of 1 nm. Nanogaps, however, can be routinely fabricated on the single nanometer scale. Furthermore, since both sides of the nanogap repel the optical field and constrain it within the gap, the field is tightly concentrated. This can be achieved in a metal−insulator−metal (MIM) structure 2 or a nanotip−gap−substrate 4 arrangement as with certain scanning probe geometries. Thus, an important extension of these research efforts is to combine single-digit nanogaps with the nanofocusing effect and 3D geometry of nanotips.
While hybrid structures combining gap plasmons and tipbased nanofocusing have been demonstrated, 25−27 the 3D integration of nanogaps and nanotips requires difficult and time-consuming fabrication such as using electron-beam lithography (EBL) in conjunction with focused-ion beam (FIB) milling or electron-beam-induced metal deposition, 28 all of which are low-throughput serial processes with patterning resolution in metals of ∼10 nm. It is therefore desirable to manufacture these advanced optical antennas with higher throughput and reproducibility and with smaller gaps and sharper tips.
In this letter, we introduce a new antenna design, a splitwedge antenna, that combines ultrasharp metal wedges and single-digit nanometer gaps. Among the various fabrication schemes for making sharp metal wedges and tips, template stripping from anisotropically etched silicon molds has been effective. 29, 30 With this technique, standard photolithography and wet etching in KOH can mass-produce ultrasharp metallic wedges (tip radius of curvature ∼10 nm) over an entire wafer. To manufacture nanometric gaps in metal films, many groups have used schemes such as thin-film deposition, 2 electromigration, 3 or electron-beam lithography. 19 A process called atomic layer lithography was also developed by some of the authors to create nanogaps in metallic structures with waferscale throughput via atomic layer deposition (ALD). 13,18,31−33 Because the critical lateral dimension is defined by ALD in this technique, vertical gaps as small as 1 nm that travel along the entire width of the wafer can be produced. Our desire to fabricate split-wedge antennas over an entire wafer thus naturally combines template stripping and atomic layer lithography. Here, following proof-of-concept fabrication with low-throughput FIB milling to design an initial set of devices, we show wafer-scale fabrication of split-wedge antenna arrays with single-digit nanogaps. These devices are characterized optically via surface-enhanced Raman spectroscopy (SERS), confirming that the field enhancement at the 3D tip−gap interface is stronger than that from either a standalone wedge tip or a planar nanogap.
Our fabrication scheme for split-wedge antennas consists of two key steps: (1) silicon template fabrication and (2) gap formation in the metal deposited onto the template. The silicon template containing inverted wedges (V-shaped trenches with a divot angle of 70.5°) is created via crystal-orientationdependent wet etching 30,34−36 in a solution containing 30% potassium hydroxide (KOH) saturated with IPA at 80°C (Figure 1a ). After metal deposition and template stripping using an adhesive backing layer (NOA 61, Norland Products Inc.), sharp wedges can be created, as we previously showed. 30 The taper angle of the wedge, 70.5°, is defined by intersecting (111) crystallographic planes in the V-groove silicon template. Previously researchers studied the effect of the taper angle on plasmonic nanofocusing and waveguiding. 36−38 Fortunately, this 70.5°taper angle resulting from the anisotropic silicon etching leads to large enhancements in near-field fluorescence and Raman spectroscopy of single molecules 36 and also nearly optimal figure-of-merit for wedge plasmon waveguiding. 38 If shallower taper angles are desired for other applications, however, the silicon trench can be modified to reduce the taper angle. 39−41 The measured radius of curvature of these template- stripped gold wedges is approximately 10 nm, consistent with previous reports. 30, 42 After metal deposition (Figure 1b) , lithography is performed inside the nonplanar surfaces of the V-shaped trenches to create nanogaps that split the resulting metal wedges (Figure 1c ). Different lithography techniques can be used for this purpose. For low-throughput prototyping over a small area, FIB lithography can be used to mill 50−100 nm wide gaps through a deposited metal film inside the V-shaped trenches. After stripping (Figure 1d ), the structures shown in Figure 1d ,e are formed. While not studied here, if desired, multiple grooves can be milled (Figure 1f ) or the surface of the silicon template can be further engineered to create plasmonic reflectors 38, 43 or Bragg mirrors 44, 45 directly onto the templatestripped wedges (Figure 1g ). The zoomed-out image in Figure  1h shows the entire device structure. Figure 1i shows a close-up of the structure in Figure 1g .
For wafer-scale fabrication of split-wedge antennas with ultrasmall (<10 nm) gaps, we employ atomic layer lithography ( Figure 2 ) following the method developed by Chen and Oh. 31−33 This method uses standard lithographic techniques such as photolithography, EBL, or FIB to initially pattern the metal film ( Figure 2d ) that are exposed via template stripping (Figure 2e ). In this current work, fabrication of the split-wedge antennas required us to perform atomic layer lithography on the nonplanar surfaces of silicon Vgrooves. To fabricate a large array shown in Figure 2f , we used photolithography to pattern a series of micrometer-wide stripes that are perpendicular to the wedge-axis orientation. The depth of the wedge used in this experiment is less than 5 μm, still allowing photolithography with the nonplanar surface. A twostep spin coating is used to improve the uniformity of spreading the resist inside and outside of the V-grooves. The resulting dense array of split-wedge antennas (SEM image in Figure 2f) demonstrates that 10 nm tip size and 5 nm gap size can be simultaneously obtained at the wafer scale. In this wafer-scale array, the base width of each wedge is 5 μm and the distance between adjacent wedge tips is 10 μm. The 5 nm gap size was defined by the thickness of the ALD-grown Al 2 O 3 films. The width of each horizontal stripe is 1.8 μm. With further reduction in lithographic resolution using a stepper, it will be possible to densely pack sub-5 nm gap split-wedge antennas on submicron-scale grids. It should also be noted that the horizontal stripes are electrically isolated by the Al 2 O 3 films and could be individually biased.
We also used microsphere or nanosphere lithography (NSL) techniques 46 to create metal patterns inside V-groove templates without using photoresist ( Figure 3) . We first applied silica or polystyrene micro/nanospheres to the wedges by a drop-anddry method (Figure 3a) . The diameter of the spheres is chosen to be smaller than the trench depth such that the 1.83 μm diameter spheres can align inside the trenches. A dry etching in O 2 plasma is then used to shrink the size of polystyrene spheres to obtain isolated spheres. 47 The spheres on top of the surface are removed with a lift-off brush. Then a thin metal film (∼60 nm thick gold or silver) is evaporated onto the chip, creating areas shadowed by the spheres (Figure 3b) . The spheres are then removed by gentle sonication leaving holes in metal film in the wedge mold (Figure 3c ). After the patterns in metal are made in this way, a thin layer of Al 2 O 3 is deposited conformally onto the surface and sidewall of the metal patterns via ALD (Figure 3d ). The thickness of the ALD-grown Al 2 O 3 film defines the width of the nanogap with Å-scale resolution. The ALD process was performed at 250°C for depositing Al 2 O 3 films (measured growth rate of 1.1 Å/cycle) on a gold substrate, and the temperature was reduced to 50°C (growth rate of 1.0 Å/cycle) for depositing on a silver substrate to avoid unwanted oxidation. A second metal layer, thicker than the first metal layer, is deposited to completely cover the patterns (Figure 3e) . Finally, optical adhesive (NOA61, Norland Products Inc.) is applied on the sample surface, cured under UV light for 15 min, followed by overnight baking on a hot plate at 55°C. The multilayer structures, containing a layer of Al 2 O 3 embedded in two metal films, are then stripped from the silicon V-groove mold (Figure 3f ). SEM images show the initial metal pattern in the V-groove (Figure 3g) , the templatestripped annular nanogaps on the wedge tip (Figure 3h) , and a 5 nm wide nanogap on the wedge (Figure 3i) .
To illustrate the electric field enhancement distribution inside the nanogap on a wedge tip, we performed 3D finitedifference time-domain (FDTD) modeling for a metal wedge split by a nanogap of various widths (Figure 4 ). The incident light was polarized along the wedge axis, perpendicular to the nanogap. The 3D simulations demonstrate that smaller gaps tend to increase the field enhancement (Figure 4b ) and that the field is tightly confined to within a few nanometers of the tipgap interface (Figure 4c−f) . Our split-wedge antennas act as a 3D bow-tie-type structure and combine the effects of wedge plasmons and gap plasmons into a single platform. The maximum electric field enhancement factor measured from a split-wedge antenna with a 2 nm gap is 58. Additionally, these simulations show that in the case of a 2 nm gap on a wedge tip with 10 nm radius, the plasmonic hotspot is approximately confined to an area of 9 nm by 14 nm, with the boundaries being defined by 1/e attenuation of the electric field. This corresponds to approximately a 1000× greater confinement of optical energy than a diffraction-limited spot. While resonant antenna operation was not investigated in this work, the addition of plasmonic Bragg mirrors or reflectors is expected to lead to even stronger field enhancements. Additionally, an internal illumination scheme may be used, where it is desirable to minimize or eliminate noise from propagating light while generating a hotspot that exists only within a small region.
To experimentally demonstrate the intense optical near-fields of split-wedge antennas, we fabricated structures with singledigit nanometer gaps (widths of 1, 2, and 5 nm) and performed Raman spectroscopy after coating the silver surfaces with Raman-active molecules of interest. For this purpose, the circular gap structure shown in Figure 3i is convenient because a given device can possess gaps both perpendicular and parallel to the wedge axis to provide comparison measurements. The Al 2 O 3 layer sandwiched between two layers of metal film can be partially removed via wet etching in buffered oxide etchant (BOE; HF/H 2 O = 1:10) to allow the molecules to attach recessed in the gap where the field is presumably more intense. After partially removing the Al 2 O 3 in the gap in this way, the samples are incubated in 2 mM benzenethiol (BZT) in ethanol for 24 h to form a self-assembled monolayer on the exposed surfaces and inside gaps. The samples are then rinsed with ethanol spraying for 2 min to remove any excess BZT molecules. BZT is chosen because it has been extensively characterized as an efficient Raman scatterer by many groups. With a scanning confocal Raman microscope (WITec), surfaceenhanced Raman scattering is imaged in the XY plane at different Z heights on the 3D split-wedge antenna structure. A 514.5 nm argon-ion laser is focused to a diffraction-limited spot by an objective lens (NA = 0.9) and scanned across the silver wedge by mounting the sample on an XYZ piezo stage as illustrated in Figure 5i inset. The scattered Raman signals are then collected with the same objective lens and measured by a spectrometer.
In the split-wedge antenna structures, the measured Raman intensity is strongly polarization-dependent. Figure 5a −c shows the Raman images collected at different Z positions (500 nm per step, from the bottom of the wedge to the tip of the wedge) in horizontal planes across the wedge and with the laser polarized perpendicular (P1) to the nanogaps. The gap plasmons, which are responsible for the majority of the field enhancement, can only be excited when the polarization of the incident laser beam is perpendicular to the gap, i.e., transverse magnetic (TM) polarization. For each scan plane, we can observe the 3D structures showing hotspots at different positions on the split-wedge antennas when the light is polarized perpendicular to the gap. The Raman scattering intensity at the nanogap on wedge tip with P1 polarized light is about 10 times stronger than with polarization along the gap (P2) (Figure 5d−f) . We could still observe enhanced Raman signals with laser polarization parallel to the gap, likely due to the residual roughness of nanogap sidewalls (on the order of 1 nm) and lightning-rod effects from the sharp wedge tip. The Raman scattering spectra are shown in Figure 5h , where we compared the spectra at different polarizations from areas on the wedge tip that contained the nanogaps and areas on the wedge tip that did not contain any gaps. An enhancement factor of about 10 4 was obtained from placing 5 nm nanogaps on a silver wedge tip, in comparison to the Raman scattering of BZT coated on a flat silver surface. The enhancement factor is also 5 times higher compared with SERS from a nanogap on flat silver surface.
Though the structure is not designed to have a resonance at 514.5 nm, we observed enhanced Raman scattering from nanogaps on wedge tips. To check the wavelength dependence of the enhancement, the nanogap-on-wedge structures were also tested with a 752.5 nm laser. The Raman intensity images and spectra are shown in Figure 5g ,i. As before, strong Raman scattering is observed from the nanogap structures. While FDTD simulations predict increasing field enhancements as the gap size shrinks from 5 to 1 nm, in our experiments the measured Raman signal intensity increases as the gap size changes from 5 to 2 nm, and then decreases as the gap size changes from 2 to 1 nm. Possible reasons for this discrepancy include surface roughness, variations in the gap size at 1 nm level, and the size of BZT molecule (0.6 nm), 44 which is comparable to the width of the 1 nm gap, leading to steric hindrance effects. A more rigorous analysis of the dependence of field enhancements on gap size is beyond the scope of this work, but it is clear that the intensity of the Raman signals increases as the gap size is pushed into the single-digit nanometer regime. While precise quantification of the Raman enhancement factor (EF) in a split-wedge antenna is not trivial because of its 3D geometry and nonuniform field distribution around the tip−gap interface, we use the following equation to estimate the field enhancement factor:
where EF gapSERS is the enhancement factor of Raman intensity in the tip−gap interface. We measured the Raman scattering from neat BZT (thiophenol, ≥99%, Sigma-Aldrich) in a quartz cuvette with 1 mm path length as a reference. I gapSERS and I vol are Raman intensities of the in-plane ring breathing mode at 1072 cm −1 from BZT coated on the silver surface of nanogap sample and from the neat liquid BZT sample, respectively. N vol is the number of BZT molecules in the laser focus volume in the pure liquid BZT. N surf is the number of BZT molecules in the laser spot area on the metal surface by adding the area inside the nanogaps for calculating averaged EF or the number of molecules in the area inside the nanogaps for calculating local EF, respectively. The packing density of BZT on a silver surface is assumed to be 6.8 × 10 14 molecules/cm 2 based on the literature. 48 The averaged Raman EF is calculated by considering the metal surface area defined by the confocal spot size of the lens at the excitation laser wavelength. The confocal spot area plus the exposed metal area within the nanogaps is used to calculate N surf . The local EF calculation considers only the molecules inside the nanogap within the focused laser beam spot. For the 2 nm gap split−wedge antenna structure, we assume that the depth of the gap after BOE etching of Al 2 O 3 film is also 2 nm. The radius of the tip measured by SEM is 10 nm, which according to our simulation data suggests the plasmonic hotspot is approximately 9 nm by 14 nm in size. In both cases, I gap and I vol are measured by subtracting background CCD counts at 900 cm −1 from the CCD counts of the scattering band of interest.
For 2 nm gaps on a wedge, the measured average Raman enhancement factor over the full laser spot size was about 10 4 , suggesting that the local enhancement factor can be as large as 10 7 . This is also in line with our FDTD calculations, which predicts field enhancement of 58, and thus |E| 4 on the order of 10 7 . Our Raman characterization confirms that split-wedge antennas with small nanogaps can convert incident light into localized near-field hotspots. While precise tuning and optimizing resonances in this 3D structure is possible, it would require extensive parametric 3D simulations and a series of nanofabrication with different resonator schemes. This will be the focus of future work.
In summary, we have presented the design for split-wedge antennas and different fabrication options for realizing this unique 3D nanostructure. In particular, we have combined template stripping, which can mass-produce ultrasharp metallic wedges, with atomic layer lithography, which can insert singledigit-nanometer gaps to split those wedges, to create gaps as small as 1 nm alongside an ultrasharp wedge with the tip radius of 10 nm. Because both tips and gaps act to localize and boost optical fields, this antenna structure shows great potential for extreme plasmonic field confinement, which is demonstrated by SERS experiments. The antenna design and high-throughput atomic layer lithography scheme along with the addition of Bragg mirrors presented in this work can provide a new route for optical antennas, nonlinear optics, 5 and near-field transducers. 11 Furthermore, since atomic layer lithography can create long nanogaps that travel along the entire width of a chip, it is straightforward to split metallic wedges into electrode arrays that can be biased individually. Such structures, as shown in Figure 2f , will enable high-throughput experiments for electron tunneling, 20, 49 electroluminescence, 50,51 photon upconversion, 52 particle trapping, 53−55 electrochemical plasmonic sensing, 56 and hot-carrier effects 57 in the presence of nanofocused fields at the tip.
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